In the current studies we generated transgenic mice that overexpress human Insig-1 in the liver under a constitutive promoter. In cultured cells Insig-1 and Insig-2 have been shown to block lipid synthesis in a cholesterol-dependent fashion by inhibiting proteolytic processing of sterol regulatory element-binding proteins (SREBPs), membrane-bound transcription factors that activate lipid synthesis. Insig's exert this action in the ER by binding SREBP cleavage-activating protein (SCAP) and preventing it from escorting SREBPs to the Golgi apparatus where the SREBPs are processed to their active forms. In the livers of Insig-1 transgenic mice, the content of all nuclear SREBPs (nSREBPs) was reduced and declined further upon feeding of dietary cholesterol. The nuclear content of the insulin-induced SREBP isoform, SREBP-1c, failed to increase to a normal extent upon refeeding on a high-carbohydrate diet. The nSREBP deficiency produced a marked reduction in the levels of mRNAs encoding enzymes required for synthesis of cholesterol, fatty acids, and triglycerides. Plasma cholesterol levels were strongly reduced, and plasma triglycerides did not exhibit their normal rise after refeeding. These results provide in vivo support for the hypothesis that nSREBPs are essential for high levels of lipid synthesis in the liver and indicate that Insig's modulate nSREBP levels by binding and retaining SCAP in the ER.
Introduction
Insig-1 and Insig-2 are polytopic membrane proteins of the ER that play a central role in the feedback control of lipid synthesis in animal cells. Insig's regulate lipid synthesis by binding in a steroldependent fashion to two ER proteins: HMG CoA reductase, a rate-limiting enzyme in cholesterol biosynthesis, and sterol regulatory element-binding protein (SREBP) cleavage-activating protein (SCAP), an escort protein required for the cleavage and activation of the SREBP family of membrane-bound transcription factors. Sterol-stimulated binding of Insig's to HMG CoA reductase leads to its ubiquitination and proteosomal degradation (1, 2) . Sterol-stimulated binding of Insig's to SCAP leads to ER retention of the complexes between SCAP and SREBPs, thereby preventing the SREBPs from entering the Golgi apparatus for proteolytic processing (3, 4) . ER retention prevents the proteolytic generation of the transcriptionally active nuclear forms of SREBPs (nSREBPs), thereby limiting transcription of SREBP target genes, which include all of the known genes required for synthesis of cholesterol, fatty acids, triglycerides, and phospholipids (5) . In cultured cells, the net result of Insig action is to decrease lipid synthesis whenever sterols accumulate to high levels within cells.
The two known human Insig isoforms, Insig-1 and -2, are 59% identical over their lengths of 277 and 225 amino acids, respectively. Both are deeply embedded in ER membranes through the presence of six membrane-spanning segments (6) . Studies in cultured cells indicate that the two Insig's have overlapping functions in binding both HMG CoA reductase and SCAP, but the two Insig genes are controlled differently. Insig-1 is itself a target of nSREBPs, and its mRNA rises and falls coordinately with nSREBP levels (3, 7) . The Insig-2 gene has two promoters/enhancers that give rise to two transcripts with different noncoding first exons, but identical coding exons (8) . In cultured cells one of these transcripts, designated Insig-2b, is unvarying and is not influenced by nSREBP levels. The other transcript, Insig-2a, is expressed nearly exclusively in the liver, and it reaches high levels during insulin deficiency, such as occurs in fasting. When insulin levels rise, the Insig-2a transcript is strongly suppressed (8) .
All detailed studies of Insig function have been carried out in cultured fibroblast-like cells, predominantly CHO cells. In these cells, overexpression of Insig-1 or -2 by transfection causes a marked leftward shift in the sterol-response curves for degradation of HMG CoA reductase (1, 2) and inhibition of SREBP processing (3, 4) , rendering both processes much more sensitive to sterols. When expressed at extremely high levels, Insig-1 can trap the SCAP/SREBP complex in the ER, even without the addition of exogenous sterols. The sterol-sensitizing function of Insig's is also apparent in an in vitro assay that measures a conformational change in SCAP upon sterol addition (9) . Expression of mammalian Insig-1 or -2 in Drosophila cells together with mammalian SCAP confers the ability of sterols to suppress SCAP transport and SREBP processing (10) . Combined knockdown of Insig-1 (by 95%) and Insig-2 (by 50%) through RNA interference abolishes the ability of sterols to Overexpression of Insig-1 in the livers of transgenic mice inhibits SREBP processing and reduces insulin-stimulated lipogenesis accelerate degradation of HMG CoA reductase (2), but it does not reduce the ability of sterols to block SREBP processing, perhaps owing to the failure to reduce Insig levels sufficiently.
In the present studies, we explore the role of Insig-1 in regulating synthesis of cholesterol, fatty acids, and triglycerides in the mammalian liver. For this purpose, we produced transgenic mice that overexpress human Insig-1 in the liver. The data show that Insig-1 overexpression renders the liver much more sensitive to sterol-mediated feedback suppression of lipid synthesis, and it largely prevents the acute increase in lipid synthesis that accompanies refeeding of previously fasted mice. The latter finding suggests that insulin-mediated suppression of Insig-2a is required in order for insulin to increase lipid synthesis in the liver and that increased lipid synthesis does not occur when Insig levels are kept high through overexpession of Insig-1. Figure 1 shows the expression in mouse tissues of the human Insig-1 transgene driven by a version of the apo E promoter/ enhancer that is believed to be liver specific (11) . Using Northern blotting, human Insig-1 mRNA was detectable only in the liver and kidney ( Figure 1A ). Despite expression of the mRNA in the kidney, the human protein was undetectable by immunoblotting in this organ ( Figure 1B) . In contrast, the liver expressed abundant amounts of human Insig-1 protein, which gives two bands, owing to the use of two start sites for translation (3) . Mouse Insig-1 gives only a single band, owing to a 16-amino acid deletion that removes the downstream initiator methionine, which is at residue 37 in the human sequence. As a result, the single mouse Insig-1 protein is intermediate in size between the two human forms. In the livers of these ad libitum-fed mice, the level of human Insig-1 protein was many fold higher than the level of endogenous mouse Insig-1 ( Figure 1B) .
Results
The transgenic mice appeared grossly normal. As shown in Table  1 , at 16 weeks they had normal body weights, liver weights, and fat pad weights. The liver cholesterol content was significantly reduced. The triglyceride content was also reduced, but the data did not reach statistical significance. Plasma cholesterol and triglyceride levels were significantly reduced about 40%. Plasma glucose, insulin, and free fatty acids were unaffected.
In cultured cells, Insig overexpression increases the sensitivity of SREBP processing to inhibition by sterols. To test for this phenomenon in vivo, WT and transgenic littermate mice were fed diets containing varying amounts of cholesterol for 2 days, after which the amounts of membrane-bound precursor and nSREBPs were measured by SDS-PAGE and immunoblotting ( Figure 2A ). When consuming the unsupplemented chow diet, which contains 0.02% cholesterol, the transgenic mice showed a lower content of nSREBP-1 and nSREBP-2 than did the WT mice ( Figure  2B ) These values declined further when small amounts of cholesterol were added to the diet. As dietary cholesterol increased, the decline in both nSREBPs was much more pronounced in transgenic than in WT mice. This decline occurred despite the fact that the cholesterol content of transgenic livers was lower than that in WT mice at all levels of dietary cholesterol ( Figure 2C ).
To determine the effects of Insig-1 overexpression on SREBP target genes, we measured the relevant mRNAs by quantitative realtime RT-PCR in the livers of cholesterol-fed mice ( Figure 3 ). The liver produces two quantitatively major isoforms of SREBP, designated SREBP-1c and SREBP-2 (12) . SREBP-1c activates predominantly the genes involved in fatty acid and triglyceride biosynthesis. SREBP-2 activates primarily the genes required for cholesterol synthesis. The mRNA for SREBP-1c is enhanced by nSREBPs in a feed-forward reaction. It is also induced by insulin and by the nuclear liver X receptor-α (LXRα) and LXRβ, whose activities are
Figure 1
Transgene expression in TgInsig-1 mice. (A) Tissue distribution of human Insig-1 transgene mRNA. Total RNA was extracted from tissues of transgenic mice consuming a chow diet. A total of 20 µg of RNA was subjected to electrophoresis and blot hybridization with 32 P-labeled cDNA probes for human Insig-1 and mouse cyclophilin. After stringent washing, the membranes were exposed to Kodak X-Omat Blue XB-1 films for 4-12 hours at -80°C. (B) Immunoblot analysis of endogenous mouse Insig-1 and transgenic human Insig-1 from the livers and kidneys of WT and TgInsig-1 mice, respectively. Membrane fractions from five WT and five TgInsig-1 mice (same as those described in Table 1) were prepared and pooled as described in Methods. Aliquots of the pooled membrane fraction (45 µg protein) were subjected to SDS-PAGE and immunoblot analysis as described in Methods. Filters were exposed to Kodak X-Omat Blue XB-1 film for 15 seconds at room temperature. Open triangle denotes endogenous mouse Insig-1 (28 kDa); arrows denote transgenic human Insig-1 (doublet of 30 kDa and 26 kDa). Immunoblot of transferrin receptor served as a loading control. WAT, white adipose tissue; BAT, brown adipose tissue. stimulated by oxygenated sterols, some of which can be derived from the cholesterol biosynthetic pathway or from dietary cholesterol (12) (13) (14) . The mRNA for SREBP-2 is positively regulated by nSREBPs, but not by insulin or LXRs (12) . The liver also produces small and unvarying amounts of another isoform, SREBP-1a, which can activate both fatty acid and cholesterol synthesis. The Insig-1 transgene had no effect on the small amount of SREBP-1a mRNA in the liver, and there was no response to cholesterol feeding ( Figure 3 , first row). In contrast, the mRNA for SREBP-1c was severely reduced in the transgenic livers, even on the 0.02% cholesterol chow diet. Cholesterol feeding induced a biphasic response. In WT littermates fed 0.05% cholesterol, the mRNA for SREBP-1c declined, perhaps owing to the reduction in nSREBPs. As dietary cholesterol increased, however, the amount of SREBP-1c mRNA rose, an effect that we attribute to the activation of LXRs (14) . The effects of dietary cholesterol on SREBP-1c mRNA in the transgenic mice paralleled those in WT mice, but the absolute level in transgenic mice was always much lower than that in WT mice. The response of SREBP-2 mRNA was much less complex. This mRNA was reduced in the transgenic livers, and it declined in parallel in WT and transgenic animals as the dietary content of cholesterol rose. This decline is most likely caused by the loss of the feed-forward effect, owing to the cholesterol-mediated decline in nSREBPs (see Figure 2) . SCAP mRNA was unaffected by the transgene or by cholesterol feeding.
All of the measured mRNAs in the fatty acid and triglyceride synthesis pathways were reduced in the Insig-1 transgenic mice fed the chow diet (0.02% cholesterol; second row in Figure 3 ). In WT mice
Figure 2
Overexpression of Insig-1 increases sensitivity of SREBP processing to inhibition by dietary cholesterol. Eight-week old female mice (four per group) were fed an ad libitum chow diet supplemented with the indicated amount of cholesterol for 2 days prior to study. The WT mice were littermates of the transgenic mice. A detailed description of these mice is provided in Supplemental Table 1 
Figure 3
Relative amount of various mRNAs in the livers of WT and TgInsig-1 mice fed with increasing amounts of cholesterol (0.02-0.5%). The mice used here are the same as those used in Figure 2 and Supplemental Table 1 . Total RNA from four mouse livers was pooled and subjected to real-time PCR quantification as described in Methods. Each value represents the amount of mRNA relative to that in WT mice fed a chow diet (0.02% cholesterol), which is arbitrarily defined as 1. FAS, fatty acid synthase; FDP, farnesyl diphosphate; GPAT, glycerol-3-phosphate acyltransferase; SCD-1, stearoyl CoA desaturase-1.
cholesterol feeding partially reduced the mRNA for acetyl CoA carboxylase, but this was not observed in the Insig-1 transgenic mice. The mRNA for fatty acid synthase was reduced by cholesterol in both lines of mice. Cholesterol feeding had little effect on the mRNAs for stearoyl CoA desaturase or glycerol-3-phosphate acyltransferase. The mRNAs for three enzymes of cholesterol biosynthesis and the LDL receptor were reduced in the Insig-1 transgenic mice on the chow diet (third row in Figure 3 ), and they all declined further with cholesterol feeding. The mRNAs for LXRα and ABCA1 were not affected by the transgene or by cholesterol feeding. In contrast, the mRNAs for ABCG5 and ABCG8 were induced by cholesterol feeding, which reflects their known stimulation by LXRα and LXRβ. The Insig-1 transgene had little effect on these mRNAs, which encode transporters that secrete cholesterol and plant sterols into bile (15) .
The data of Figures 2 and 3 indicate that overexpression of Insig-1 retards the processing of SREBP-1c and -2 and renders this process more sensitive to inhibition by cholesterol. The net effect is a reduction in the mRNAs for SREBP target genes. Increases in nSREBP-1c have also been invoked to explain the increase in hepatic fatty acid synthesis that occurs when fasted animals are refed with a high-carbohydrate diet, which stimulates insulin release and thereby increases the mRNA for SREBP-1c (12) . To test the effect of the Insig-1 transgene on this response, we subjected the transgenic mice to a 12-hour fast followed by 12 hours of refeeding.
As shown by the immunoblots of Figure 4 , in WT mice fasting reduced the amount of the precursor and nuclear forms of SREBP-1c, and refeeding induced a major "overshoot" in nSREBP1c as well as in its precursor. In contrast, the transgenic mice showed a reduction in nSREBP-1c on an ad libitum diet, and there was no further reduction with fasting (although the precursor did fall in these mice). Refeeding restored the SREBP-1c precursor, but the amount of nSREBP-1c remained well below that in the WT littermates. In WT mice, fasting reduced nSREBP-2, and this was restored to control levels by refeeding without any overshoot. The response was similar in Insig-1 transgenic mice, except that the level of nSREBP-2 was reduced when compared with WT litter-
Figure 4
Effect of fasting and refeeding on SREBP and Insig proteins in the livers of WT and TgInsig-1 mice. Sixteen-week-old male mice (five per group) were subjected to fasting and refeeding as described in Methods.The WT mice were littermates of the transgenic mice. A detailed description of these mice is provided in Supplemental Table 2 .The nonfasted group (NF) was fed a chow diet ad libitum, the fasted group (F) was fasted for 12 hours, and the refed group (R) was fasted for 12 hours and refed a highcarbohydrate/low-fat diet for 12 hours prior to study. Nuclear extract fractions were prepared from pooled livers (five mice per group); membrane fractions were prepared individually and pooled as described in Methods. Aliquots of membrane and nuclear extract fractions (45 µg) were subjected to SDS-PAGE and immunoblot analysis as described in Methods and Figures 1 and 2 . Asterisks denote nonspecific bands. Open triangle denotes endogenous mouse Insig-1 (28 kDa) (lanes 1-3) ; arrows denote transgenic human Insig-1 (doublet of 30 kDa and 26 kDa) (lanes 4-6).
Figure 5
Relative amount of various mRNAs in the livers of WT and TgInsig-1 mice subjected to fasting and refeeding. The mice used here are the same as those used in Figure 4 and Supplemental Table 2 . Total RNA from the livers of mice was pooled (five mice per group) and subjected to real-time PCR quantification as described in Methods. Each value represents the amount of mRNA relative to that in the nonfasted WT mice, which is arbitrarily defined as 1. For purposes of clarity, only the fasted and refed values are shown. FDP, farnesyl diphosphate; G6PD, glucose-6-phosphate dehydrogenase; LCE, long-chain fatty acyl elongase; S1P, site-1 protease. F, fasted group; R, refed group.
mates. As previously reported (8) , in the WT mice fasting caused the disappearance of Insig-1 (owing to the decrease in nSREBPs) and the appearance of Insig-2 (owing to the decrease in insulin). Refeeding reversed these changes. As expected, fasting and refeeding did not affect the elevated human Insig-1 in the transgenic mice. The induction of Insig-2 by fasting occurred normally in these animals. The modest increase of Insig-2 protein in the fasted transgenic mice compared with the WT controls was not observed in other studies. Figure 5 shows the levels of relevant mRNAs in the livers of the fasted and refed mice. With regard to genes of the SREBP pathway, refeeding induced a marked rise in SREBP-1c mRNA in WT but not transgenic mice (see Discussion for explanation). Refeeding also increased the mRNAs encoding three enzymes of cholesterol synthesis (HMG CoA synthase, HMG CoA reductase, and farnesyl diphosphate synthase). The response was blunted, but still detectable in the Insig-1 transgenic mice. Lesser increases were seen in squalene synthase and the LDL receptor. As expected, refeeding caused marked increases in all of the measured mRNAs encoding enzymes of fatty acid and triglyceride synthesis. The response was severely blunted in the Insig-1 transgenic mice. Refeeding suppressed the mRNAs for insulin receptor substrate-2 (IRS-2) and phosphoenolpyruvate carboxykinase (PEPCK), two genes known to be repressed by insulin (16) . As a control, we measured the mRNA for apoE, which was not affected by refeeding in WT or transgenic mice.
As expected from the changes in mRNA levels, refeeding caused a marked 18-fold increase in hepatic fatty acid synthesis in WT mice, as determined by measurement of the incorporation of intraperitoneally injected 3 H-labeled water ( Figure 6A ). This response was severely blunted in the Insig-1 transgenic mice. Refeeding caused much less stimulation of fatty acid synthesis in the kidney, and this was similar in the WT and transgenic mice. Sterol synthesis was also markedly elevated in the livers of the refed WT mice, and this elevation was reduced threefold in the transgenic livers ( Figure 6B ). The kidneys of WT and transgenic mice showed a much smaller increase in sterol synthesis upon refeeding. Figure 7 shows the plasma cholesterol and triglyceride levels in the animals that were used in the current studies. In the cholesterol-feeding experiment, plasma cholesterol levels were lower in the Insig-1
Figure 6
In vivo synthesis rates of fatty acids (A) and sterols (B) in the livers and kidneys of WT and TgInsig-1 mice subjected to fasting and refeeding. Mice (16-week old male, five per group) were either fasted for 12 hours or fasted for 12 hours and then refed a high-carbohydrate/low-fat diet for 12 hours prior to study. Each mouse was then injected intraperitoneally with 3 H-labeled water (50 mCi in 0.25 ml of isotonic saline). One hour later the tissues were removed for measurement of 3 H-labeled fatty acids and digitonin-precipitable sterols. Each bar represents the mean ± SEM of values from five mice. The levels of statistical significance (Student's t test) between the WT and TgInsig-1 groups are shown as P values. F, fasted group; R, refed group.
Figure 7
Plasma lipid levels in WT and TgInsig-1 mice fed different amounts of cholesterol (A) or subjected to fasting and refeeding (B). Mice used in A are described in Figure 2 ; mice used in B are described in Figure 4 . Each value is the mean ± SEM of data from four or five mice. The levels of statistical significance (Student's t test) between the WT and TgInsig-1 groups are shown as P values. F, fasted group; R, refed group. transgenic mice and remained lower as dietary cholesterol was increased to 0.5% ( Figure 7A ). Plasma triglyceride levels were not significantly lower in the transgenic mice as compared with their WT littermates. In the fasting-refeeding experiments, plasma cholesterol was also significantly reduced in the Insig-1 transgenic mice ( Figure  7B ). Refeeding the high-carbohydrate/low-fat diet caused a marked increase in plasma triglycerides in WT mice, reflecting the marked increase in hepatic fatty acid synthesis in these animals. This increase did not occur in the Insig-1 transgenic mice.
Discussion
The current results indicate that overexpressed Insig-1 traps the SCAP/SREBP complex in the ER of liver cells in living mice, thereby reducing the ability of SREBPs to activate transcription of genes encoding enzymes of cholesterol and fatty acid biosynthesis. In addition to reducing basal levels of nSREBPs, the overexpressed Insig-1 enhanced the ability of dietary cholesterol to further reduce these levels. Moreover, the overexpressed Insig-1 prevented the increase in nSREBP-1c that normally accompanies refeeding of previously fasted mice and thereby markedly reduced fatty acid synthesis in these animals. This latter observation is similar to the observation previously made in gene KO mice that lack SCAP or site-1 protease, both of which are required to process SREBPs (12, 17, 18) . Considered together, these data establish the essential role of nSREBPs in mediating the insulin-stimulated increase in fatty acid synthesis that occurs upon feeding high-carbohydrate diets to mice.
The immunoblot data of Figure 4 illustrate the dramatic shifts in Insig isoforms that occur after fasting and refeeding in WT mice. Previous studies documented this shift at the mRNA level, but, to our knowledge, the data of Figure 4 are the first confirmation at the protein level, owing to the recent generation of Ab's capable of recognizing endogenous Insig-1 and -2. Upon fasting, Insig-1 disappears and is replaced by Insig-2. Upon refeeding, Insig-2 markedly decreases and Insig-1 reappears. Inasmuch as SREBP-1c processing is blocked during fasting and returns after refeeding, these data suggest that Insig-2 may be responsible for this regulation.
In the Insig-1 transgenic mice, SREBP-1c processing was not enhanced to a normal extent during refeeding, even though Insig-2 levels declined (see lower panel of Figure 4) . Apparently, the unphysiologically high levels of Insig-1 in the livers of the transgenic animals prevented SREBP-1c processing during refeeding, an action that might not occur when Insig-1 is present at its usual low level. To distinguish between the roles of Insig-1 and -2 in the liver, we are currently preparing transgenic mice that overexpress Insig-2. We are also creating gene KO animals that lack expression of the genes encoding Insig-1, Insig-2, and both.
The refed transgenic mice failed to show the normal rise in SREBP-1c mRNA that results from insulin action ( Figure 5 ). This failure occurred even though plasma insulin rose to levels in the refed transgenic mice similar to those in the WT mice (see Supplemental Table 2 ; supplemental material available at http:// www.jci.org/cgi/content/full/113/8/1168/DC1). Insulin had its normal effect on transcription of other hepatic genes, as reflected in the normal repression of IRS-2 and PEPCK mRNAs in the livers of the transgenic mice upon refeeding (see Figure 5) . In studies to be published elsewhere, we have found that the promoter/enhancer of the SREBP-1c gene contains a functional sterol regulatory element, and this element is essential for the insulinmediated enhancement of SREBP-1c mRNA levels. We believe that insulin fails to activate the SREBP-1c gene in the Insig-1 transgenic mice because of the deficiency of nSREBPs that results from the block in SREBP processing.
The current studies, considered together with studies in mice deficient in SCAP or site-1 protease, establish the role of SREBPs in mediating both cholesterol-repressible transcription and insulin-induced transcription of lipogenic genes in the mouse liver. Complex control mechanisms determine the nuclear content of SREBPs under any metabolic state. These mechanisms are a net result of metabolic and hormonal effects on transcription of the SREBP genes and on proteolytic processing of the SREBP proteins. Insig's, along with SCAP, appear to play central roles in this regulation, which in turn is essential for normal homeostasis of carbohydrates and lipids in mice.
Methods
Materials and general methods. Blood was drawn from the retroorbital sinus; the plasma was separated immediately and stored at -70°C. Plasma glucose was measured using a glucose kit from Wako Chemicals USA Inc. (994-90902; Richmond, Virginia, USA). Plasma-free fatty acids were measured using a NEFA kit from Wako Chemicals USA Inc. (kit 994-75409). Plasma insulin was measured using a rat insulin RIA kit from Linco Research Inc. (SRI-13K; St. Charles, Missouri, USA). Cholesterol and triglycerides in plasma and the liver were measured as previously described (19) . Immunoblot analyses of mouse SREBP-1 and -2 were carried out as previously described (20) . Monoclonal antibody against transferrin receptor (13-6800) was obtained from Zymed Laboratories Inc. (San Francisco, California, USA).
Generation of transgenic mice overexpressing human Insig-1. To generate transgenic mice overexpressing human Insig-1 (TgInsig-1) in the liver, we used a pLiv-11 vector that contains the constitutive human apoE gene promoter and its hepatic control region (a gift from John Taylor, Gladstone Institute, San Francisco, California, USA) (11, 21) . The transgenic plasmid (pLiv-11-Insig-1) was generated by cloning a cDNA fragment encoding the open reading frame of human Insig-1 into MluI-ClaI sites of pLiv-11. The 11-kb SalI-SpeI fragment of pLiv-11-Insig-1 was then isolated and injected into fertilized eggs to generate transgenic mice as previously described (22) . Tail DNA dot blot analyses were performed to identify founder mice that harbored the integrated transgene. Positive founders were then subjected to partial hepatectomy, and expression levels of the human Insig-1 transgene were determined by Northern blot analysis. Mice with high levels of transgene expression in the liver were bred to C57BL/6J × SJL/J F 1 mice, and four lines of TgInsig-1 mice were established.
The transgenic mice were maintained as hemizygotes by breeding with WT C57BL/6J × SJL/J F 1 mice. To genotype transgenic mice, tail DNA was prepared using a direct lysis kit from Viagen Biotech Inc. (102-T; Los Angeles, California, USA) and used for PCR with the following primers: 5′ primer, 5′-ATGGAGAG-GAGGGGGCTGAGAATTGTGTGG-3′; 3' primer, 5′-CTAAATTG-GATTTTGCCAATAATGTCCAGC-3′. Tail DNA of TgInsig-1 mice produced a PCR product of 530 bp. All mice were housed in colony cages with a 12-hour light/12-hour dark cycle and fed Teklad Mouse/Rat Diet 7002 from Harlan Teklad (Madison, Wisconsin, USA). For animal experiments, nontransgenic littermates were used as controls for transgenic mice. All animal experiments were performed with the approval of the Institutional Animal
